A new ab initio linelist of water vibration-rotation transitions extending up to 26 000 cm Ϫ1 is presented. This linelist is used to analyze the near-ultraviolet portion of the long pathlength water absorption spectrum of Carleer et al. ͓J. Chem. Phys. 111, 2444 ͑1999͔͒. A total of 299 of the 568 observed transitions between 21 400 and 25 232 cm Ϫ1 are assigned. These transitions belong to eight excited vibrational states: (4,2) Ϫ 1, (7,0) ϩ 0, (7,0) Ϫ 0, (6,0) ϩ 2, (6,0) Ϫ 2, (7,0) Ϫ 1, (8,0) Ϫ 0, and (8,0) Ϫ 0, in local mode notation. Only three of these states have been observed previously. Observed and calculated energy levels are presented for these vibrational states and the band origins are determined.
I. INTRODUCTION
Water vapor is responsible for 70% of the known absorption of sunlight in the Earth's atmosphere. However, it is now firmly established 1 that there is a serious problem with missing absorption in all models of the Earth's atmosphere. The search for the missing absorber has led to number of laboratory campaigns to measure the many weak water absorptions that occur in the near-infrared and throughout the visible region. These studies are bolstered by new theoretical techniques which use high accuracy variational methods as the basis for making spectral assignment 2-6 and modeling radiative transfer. 7, 8 The weakest water absorptions measured to date lie in the near ultraviolet region of the spectrum. This region was studied by Camy-Peyret et al. 9 who measured 199 absorption lines in the spectral range 21 400-25 230 cm Ϫ1 , of which they were able to assign 59 to transitions of H 2 16 O. In a recent paper, henceforth refered to as I, Carleer et al. 10 reported the measurement of long pathlength water absorption spectra in the 13 098-25 320 cm Ϫ1 region. While the great majority of lines measured in I lie below 21 400 cm Ϫ1 , 599 lie above this wave number.
In I analysis of the new measurements was restricted to wave numbers below 21 400 cm Ϫ1 because the available linelists were found to be inadequate for wave numbers higher than this. Here we report the calculation of a new, ab initio linelist which covers the near-ultraviolet region. With the aid of this linelist we are able to make 241 new line assignments in this region. These assignments not only extend our knowledge of the three vibrational states analyzed by Camy-Peyret et al., 9 but give information on five new vibrational states.
Two of the vibrational states form part of the 8 polyad. This polyad is of interest because theoretical studies have suggested that its vibrational states should show considerable deviation from conventional spectral patterns. 11 The paper is organized as follows. In the next two sections we summarize the experimental results and report the a͒ Permanent address: Institute of Applied Physics, Russian Academy of Science, Uljanov Street 46, Nizhnii Novgorod, Russia 603024. calculation of our new linelist. Section IV presents and discusses our spectral analysis; conclusions are given in Sec. V.
II. EXPERIMENTAL MEASUREMENTS
The measurements were performed using the Bruker IFS 120M high resolution Fourier transform spectrometer of the Laboratoire de Chimie Physique Moléculaire ͑Université Libre de Bruxelles͒ using 12 traversals of the 50 m base length White-type multiple reflection absorption cell of the Groupe de Spectrométrie Moléculaire et Atmosphérique ͑Université de Reims͒ giving an absorption path of 602.32 m. A 450 W xenon arc lamp was used as light source. Two detectors ͑a Si-and a GaF-diode͒ were used to record the spectral region up to 30 000 cm Ϫ1 , although no water absorption features were identified above 25 232 cm Ϫ1 . Spectra were recorded at 18°C and a water pressure of 18.5 hPa.
In the blue-near-ultraviolet part ͑17 700-30 000 cm Ϫ1 ͒ of the spectrum, the co-addition of 4096 interferograms ͑24 h of recording time͒ proved necessary to attain a S/N ratio of 2500. Line positions and other parameters were measured using program SPECTRA 12 which fits each feature to a Voigt profile. After removing features whose widths were too narrow to be genuine, 541 lines were measured in the 21 400 and 25 232 cm Ϫ1 region, with an estimate error in the line positions of 0.004 cm Ϫ1 . Further details of the experimental procedure can be found in Table I . A full list of these lines, including the linewidth, line intensity ͑in relative units͒, and approximate equivalent width can be obtained from the electronic archive ͑EPAPS͒. 13
III. CALCULATIONS
To enable us to assign the near-ultraviolet spectrum it was necessary to compute a new set of water vibrationrotation energy levels and associated transitions. If, as here, one solves the nuclear motion Schrödinger equation using a variational procedure, the accuracy of the calculation is determined by the quality of the potential energy surface used. Additional errors are possible from the failure of the Born-Oppenheimer approximation, which is implicit in the use of such a potential.
There are two routes for constructing a potential: one is via ab initio electronic structure calculations, the other is by refining the surface to reproduce known spectroscopic data. Partridge and Schwenke ͑PS͒ 2 computed a high accuracy ab initio potential energy surface for water and we employ their V5Zϩ⌬V core Born-Oppenheimer surface. However, PS used this surface as the starting point for refining a spectroscopic potential. The linelist generated by PS 14 using their spectroscopic potential reproduces room temperature experiment to very high accuracy throughout the infrared and into the visible region. As is discussed below, however, their predictions become very erratic in the near-ultraviolet region of concern to us here.
Conversely, experience 6,15 has shown that purely ab initio procedures extrapolate much more reliably than calculations based on spectroscopically adjusted potentials. For this reason we chose to employ the best currently available ab initio approach in our calculations. PS's Born-Oppenheimer surface was augmented by the adiabatic correction of Zobov et al. 16 and the electronic relativistic correction of Császár et al. 17 Some allowance was made for nonadiabatic effects by using a hydrogen mass midway between the mass of a proton and a hydrogen atom. 16 Inclusion of the relativistic correction is particularly important for getting a good representation of states with high stretching excitation, which are the ones which concern us here.
Tests have shown 18 that this procedure reproduces the known vibrational band origins of H 2 16 O with a standard deviation of 10.5 cm Ϫ1 . The major underlying problem with this potential is in the bending mode. The addition of a simple two parameter bend only function improves the vibrational standard deviation to 1.4 cm Ϫ1 . 18 It is this improved potential that we use here.
So far the linelist extends up to up to Jϭ14, which is more than adequate for the near-ultraviolet region where even the low J transitions are weak. The calculations were performed within a discrete variable representation ͑DVR͒ using the DVR3D program suite 19 in Radau coordinates with x-axis embedded as the bisector of the HOH angle. As before, 20 we used 40 Gauss-Laguerre DVR points based on Morse oscillatorlike functions for the radial functions. However, following comments on the lack of angular convergence of previous studies, 21 44 Gauss-͑associated͒ Legendre DVR points were used in the angular coordinate. DVR3D uses a two-step procedure for considering rotational excitation: 300ϫ(Jϩ1) functions from the first ''vibrational'' step were used to diagonalize the full, exact kinetic energy operator, rotation-vibration Hamiltonian.
Energies up to 26 000 cm Ϫ1 above the ground state were considered. Transition dipoles were computed using PS's dipole surface and program DIPOLE3. As we are concerned with room temperature spectra, only intensities for transitions starting from energy levels below 9000 cm Ϫ1 were actually computed. Our method of assigning lines was similar to, but not quite the same as, those used in previous studies. 4,5,10,15 First, the observed spectrum was scanned for particularly strong lines. These strong lines were then matched with candidate transitions in our computed linelist. Such tentative assignments were then confirmed if appropriate transitions predicted by combination differences were present in the spectrum. This procedure was repeated until transitions to several rotational levels of the same excited vibrational state had been assigned. As for every vibrational band, the error in the calculated energy is more or less uniform ͑see Table III͒ it is possible to identify a systematic band error. Using this band error additional, often weaker, transitions associated with the same excited vibrational state could be assigned. Where possible these were also confirmed using combination differences. So far we have assigned nearly all the strong transitions in the spectrum; only two remain unassigned, i.e., the lines at 22 476.152 and 22 636.069 cm Ϫ1 . Many weaker transitions have also been assigned.
IV. SPECTRAL ANALYSIS
Our analysis has assigned 241 new transitions in the near-ultraviolet region. A summary of these assignments are given in Table I and a full list is given in Table II . All the transitions start from the ground, ͑000͒, vibrational state. We find transitions to eight distinct excited vibrational states, a significant advance on the three observed by Camy-Peyret et al. 9 How these excited states are designated is not completely straightforward, as witnessed by the model calculations of Rose and Kellman. 11 In I we found it more satisfactory to label stretching states above about 15 000 cm Ϫ1 using local modes rather than the more conventional normal modes. Furthermore this change led to relabeling many of the normal mode state designations. A similar situation exists here. We believe that vibrational states in the 20 000 plus cm Ϫ1 region are local modelike, with the possible exception of predominantly bending states 11 which we do not observe. The standard mapping between local and normal mode labels also strongly suggests that the normal mode vibrational labels used by Camy-Peyret et al. 9 are not the correct ones. We have, therefore, relabeled their excited vibrational states accordingly; see Table I . We should stress that this is just a relabeling exercise and our analysis fully supports the assignments of Camy-Peyret et al., with only one exception.
The near-degeneracy between pairs of vibrational states that only differ by the parity of the local mode combination, as denoted by the superscripted sign, is a strong indicator that our local mode labeling is indeed correct. Furthermore, the states we observe are the local mode excitations one would expect to be the strongest.
Using the transitions assigned here and previously by Camy-Peyret et al., it is possible to build up tables of energy levels for the excited states. Such tables are important for a number of applications, including making further spectral assignments and developing theoretical models. Tables III presents our energy levels along with those derived by Camy-Peyret et al. For the new assignments the tables give the number of assigned transitions to each of the energy levels. Assignments of transitions to levels reached by more than one transition can be regarded as secure. In some cases we have made assignments which have not been confirmed by combination differences. We are confident that most of these assignments are correct but they cannot be regarded as confirmed. Also given in Tables III are the errors in our ab initio energy levels for each of the observed states. These errors are quite large, up to 10 cm Ϫ1 , too large for the calculated transition wave numbers to be used for assignments simply by attempting a direct spectral match. However, for a given vibrational band the variation in the error between levels is fairly small, often less than 1 cm Ϫ1 for the entire band. In this context it should be noted that the energy levels given in Tables III are predicted by the spectroscopically determined PS linelist with errors of 20-150 cm Ϫ1 and that errors varying by up to 100 cm Ϫ1 are found within one vibrational band.
The summary Table I also gives band origins for the vibrational states we observe. In three cases, (7,0) ϩ 0, (7,0) Ϫ 0, and (8,0) Ϫ 0, accurate values are given for the band origins as the 0 00 level has been observed for these states.
For the other vibrational states the 0 00 has yet to be observed and the vibrational band origins have been estimated from the ab initio values corrected by the average band errors. We expect this procedure to give values accurate to Ϯ1 cm Ϫ1 . Indeed our previous predictions made in this fashion have proved remarkably accurate, see I.
The 242 transitions assigned here, when combined with the 59 previously assigned by Camy-Peyret et al., 9 mean that over half the transitions we observe in the near-ultraviolet have been assigned. However, the pattern of these assignments is not uniform. In regions where we have successfully identified a vibrational band, most ͑about 80%͒ of transitions have been assigned. However we have some large regions in which we have made no assignments. For example, there are 38 unassigned lines in the 21 430-22 240 cm Ϫ1 region and 32 unassigned lines in the 22 756-23 845 cm Ϫ1 region. All of these lines are weak and their sparseness makes them hard to analyze with our procedure.
At high wave numbers we observe an increasing discrepancy between our calculated intensities and the measured ones. This problem appears to be caused by our choice of dipole surface and is currently being investigated.
V. CONCLUSIONS
A newly recorded, long pathlength, room temperature, rotation-vibration spectrum of water in the near-ultraviolet has been presented. This spectrum has been analyzed using a newly computed ab initio linelist. As a result, five new vibrational bands of water have been observed for the first time. One of each of these new states belongs to the previously unobserved 6ϩ␦ and 7ϩ␦ polyads, two belong to the 7 polyad, and one to the 8 polyad. However, it should be noted that according to the analysis of Rose and Kellman, 11 the polyad structure of water has started breaking down in the energy region studied here.
We anticipate that our new data will be of interest for scientists working on atmospheric studies, which usually neglect many of the weak lines of water because they are poorly characterized and difficult to analyze. Furthermore, the high-lying energy levels obtained here are important input data for assessing and refining ͑effective͒ potential energy surfaces for water which, in turn, can themselves be used for further spectroscopic analysis.
